Background A number of models exploring the costeffectiveness of dabigatran versus warfarin for stroke prevention in atrial fibrillation have been published. These studies found dabigatran was generally cost-effective, considering well-accepted willingness-to-pay thresholds, but estimates of the incremental cost-effectiveness ratios (ICERs) varied, even in the same setting. The objective of this study was to compare the findings of the published economic models and identify key model features accounting for differences. Methods All aspects of the economic evaluations were reviewed: model approach, inputs, and assumptions. A previously published model served as the reference model for comparisons of the selected studies in the US and UK settings. The reference model was adapted, wherever possible, using the inputs and key assumptions from each of the other published studies to determine if results could be reproduced in the reference model. Incremental total costs, incremental quality-adjusted life years (QALYs), and ICERs (cost per QALY) were compared between each study and the corresponding adapted reference model. The impact of each modified variable or assumption was tracked separately.
Results
The selected studies were in the US setting (2) , the Canadian setting (1) , and the UK setting (2) . All models used the Randomized Evaluation of Long-Term Anticoagulation study (RE-LY) as the main source for clinical inputs, and all used a Markov modelling approach, except one that used discrete event simulation. The reference model had been published in the Canadian and UK settings. In the UK setting, the reference model reported an ICER of UK£4,831, whereas the other UK-based analysis reported an ICER of UK£23,082. When the reference model was modified to use the same population characteristics, cost inputs, and utility inputs, it reproduced the results of the other model (ICER UK£25,518) reasonably well. Key reasons for the different results between the two models were the assumptions on the event utility decrement and costs associated with intracranial haemorrhage, as well as the costs of warfarin monitoring and disability following events. In the US setting, the reference model produced an ICER similar to the ICER from one of the US models (US$15,115/QALY versus US$12,386/QALY, respectively) when modelling assumptions and input values were transferred into the reference model. Key differences in results could be explained by the population characteristics (age and baseline stroke risk), utility assigned to events and specific treatments, adjustment of stroke and intracranial haemorrhage risk over time, and treatment discontinuation and switching. The reference model was able to replicate the QALY results, but not the cost results, reported by the other US cost-effectiveness analysis. The parameters driving the QALY results were utility values by disability levels as well as utilities assigned to specific treatments, and event and background mortality rates. Conclusions Despite differences in model designs and structures, it was mostly possible to replicate the results published by different authors and identify variables responsible for differences between ICERs using a reference model approach. This enables a better interpretation of published findings by focusing attention on the assumptions underlying the key model features accounting for differences.
Key Points for Decision Makers
• Several economic models have assessed the costeffectiveness of dabigatran for stroke prevention in atrial fibrillation patients in different settings. These models generally found dabigatran to be cost-effective, but the incremental cost-effectiveness ratios (ICERs) varied considerably between them.
• Although the published economic models all use the RE-LY trial to inform key clinical parameters, there were differences in the model assumptions, inputs, structures, and approaches. This study quantifies the differences that led to the different ICER estimates.
• This study assessed quantitatively why the published cost-effectiveness models differed in their overall results and identified the relevant model parameters. Decision makers are then better able to challenge the relevant parameters to arrive at consistent conclusions, even if provided with different model approaches.
Introduction
Atrial fibrillation (AF) is a common arrhythmia and the leading cause of stroke, an event with high human and economic burden. In the UK, 1.28 % of the total population has AF [1] . In the USA, approximately 2.7 million people had AF in 2010, with a prevalence estimate of 3.8 % in the 65 and older population, and rates are expected to increase [2] . The direct cost of AF-related stroke is up to UK£24,000 per patient in the UK [3] , whereas in the USA, the estimated direct and indirect economic burden of allcause stroke was US$34.3 billion in 2008 [4] . For AF patients at moderate to high risk of stroke, anticoagulation for the prevention of ischaemic stroke is recommended by treatment guidelines [5] [6] [7] . Two of the available therapies are warfarin, a vitamin K antagonist, and dabigatran etexilate (dabigatran), a direct thrombin inhibitor. On the basis of the benefits demonstrated in the Randomized Evaluation of Long-Term Anticoagulation Therapy (RE-LY) trial [8, 9] , dabigatran has been recommended as a cost-effective treatment option in several countries [5, [10] [11] [12] .
Through April 2012, seven economic evaluations have been published in scientific journals assessing dabigatran versus warfarin in the USA [13] [14] [15] , the UK [16, 17] , Canada [18] , and Denmark [19] . The findings of these models were consistent in indicating the cost-effectiveness of dabigatran 150 mg bid (especially in the US setting where the 110 mg bid dose is not available), or the ''sequential'' use of 110 mg bid and 150 mg bid use (150 mg bid for patients under 80 years old, 110 mg bid for patients at least 80 years old as per the European and Canadian labels) compared to warfarin versus conventional willingness-to-pay thresholds (US$100,000/QALY [20] ; UK£30,000/QALY [21] ). The absolute values of the incremental cost-effectiveness ratios (ICERs) varied, however, even within a country setting (Table 1 ). All studies found that the ICERs for dabigatran varied with baseline stroke risk and the level of International Normalized Ratio (INR) control achieved in patients on warfarin, but the final conclusions regarding cost-effectiveness with respect to these factors, particularly INR control, varied.
The availability of different models developed to answer the same general question creates an opportunity to explore the modelling approaches and the assumptions made, to better understand the reasons for any differences in model outcomes [22] . In this study, we compare the findings of published economic models to a reference model. The reference model was adapted incrementally using the inputs and assumptions from each of the selected published models individually to allow a detailed understanding of the major determinants of model result differences. This approach provides more insight than a qualitative review and descriptive comparison of published models.
Methods: Review of Studies

Selection of Relevant Studies
The published cost-effectiveness studies considered in this study were identified using the MEDLINE electronic database (via PubMed). The search terms were ''costeffectiveness'' and ''dabigatran'' and ''atrial fibrillation'', and the search was limited to studies published in English through April 2012. The resulting abstracts were screened for papers reporting original cost-effectiveness models, which yielded a total of seven studies [13] [14] [15] [16] [17] [18] [19] . Only the models that examined the same patient populations and the same overall research question underwent a detailed comparison.
The study by Kamel et al. [14] was excluded from this analysis because the patient population reflected only a subgroup of patients who had experienced a prior stroke or TIA. The study by Langkilde et al. [19] was also excluded as it was based on the model used in the current study as the reference model and no other Danish-setting costeffectiveness analysis was available for comparison. Table 1 Overview of economic studies of dabigatran versus warfarin for stroke prevention in patients with atrial fibrillation Sorensen et al. [18] Freeman et al. [13] Shah and Gage [15] Kansal et al. [16] Pink et al. [ Table 1 continued Sorensen et al. [18] Freeman et al. [13] Shah and Gage [15] Kansal et al. [16] Pink et al. [17] Dabigatran 150 mg versus warfarin A detailed review of the selected cost-effectiveness analyses for dabigatran versus warfarin for stroke prevention in atrial fibrillation patients was undertaken in which the following aspects of the studies were extracted and evaluated: the modelling approach, the definition of the patient populations and their characteristics at baseline, comparators considered, clinical events probabilities, treatment effectiveness, adjustments to project future risk of stroke and bleeding events, cost and utility inputs, and drug switching and discontinuation.
The model previously published by us [16, 18] served as the reference model for comparisons of studies in the US and UK settings as this study required full access and flexibility to update the reference model programming to suit the comparison models. Sorensen et al. [18] presented results in the Canadian setting for dabigatran sequential use (the approved Canadian label), dabigatran 150 mg bid (the approved US label), and dabigatran 110 mg bid versus warfarin. This model was used as the reference model for the US setting because it has the relevant US dose included. In the Kansal et al. [16] model, sequential dosing for dabigatran (the approved UK label) was compared with trial-like warfarin, aspirin alone, and no treatment, from the UK healthcare perspective.
Systematic Adaptation of Reference Model
To identify the reasons for different results observed in models within the same setting, the reference model was adapted, as closely as possible, to use the inputs and key assumptions from each of the selected published models, including structural differences wherever possible. The objective was to determine if the reference model would produce results similar to the other model(s) once the cumulative effect of the different parameter values and assumptions were incorporated. The revisions to the reference model were conducted systematically. First the population characteristics (age and sex), model time horizon, discount rate, and stroke risk defined by CHADS 2 score [cardiac failure, hypertension, age, diabetes, stroke (2 points)] at cohort start were changed. Second, all cost inputs for acute events, drugs, warfarin monitoring, and event follow-up were altered to match the model being compared. Finally, health-state utilities applied to acute events and resulting disability were altered. Clinical inputs and further model assumptions were also adapted as necessary. (See list of parameters in Tables 2, 3, 4.) Results were evaluated after each step. Analyses lower in the resulting tabulated findings reflect all changed parameters to this point (cumulative); incremental analyses identified those parameters with the greatest effects. The incremental costs, QALYs, and ICERs were compared after considering the cumulative effect of all the parameter value changes.
The reference model was implemented in Excel (version 2003).
Overview of Studies
General Model Design
The patient populations investigated in the published models were based on the RE-LY trial for patients with non-valvular AF, with and without a history of stroke, with only minor variations in starting patient age and sex distribution ( Table 1 ). All studies used a Markov modelling approach, except Pink et al. [17] , who used discrete event simulation (DES).
All models except one [16] presented results comparing dose-adjusted warfarin with dabigatran 150 mg bid. The reference models and Pink et al. [17] also presented results for sequential dabigatran dosing (150 mg bid followed by 110 mg bid). Additional comparators to dabigatran included aspirin [15, 16] or aspirin with clopidogrel [15] .
The models accounted for second-line treatments triggered after clinical events or non-adherence. For patients on dabigatran, the second-line treatments were aspirin or warfarin [17] or aspirin only (reference models [13] ). In the warfarin arm, aspirin was generally the second-line treatment option. An exception is the Shah and Gage model, which assigned warfarin patients to dabigatran following an ischaemic stroke [15] . This means that the comparator arm included dabigatran as a second-line treatment.
The models tracked the key clinical events recorded in the RE-LY trial. Only the reference models used post hoc analyses of the RE-LY patient-level data in addition to the published estimates to inform specific model parameters and to minimize the number of modelling assumptions. Additional post hoc analysis of the patient-level data was conducted in which the RE-LY population was stratified into those under 80 years of age and those at least 80 years of age. Pink et al. [17] used another post hoc analysis provided by Boehringer Ingelheim to the US Food and Drug Administration (FDA) [23] to inform the parameters for the comparison of warfarin versus sequential dabigatran.
The reference models tracked treatment status (on treatment, off treatment, switched), history of stroke, and level of disability (independent, moderate, and totally dependent) through the Markov health states. Pink et al. tracked treatment status, history of stroke, and level of disability within the DES approach [17] . The model diagrams by Freeman et al. [13] and Shah and Gage [15] did not indicate explicit tracking of stroke history and treatment status. All models followed patients for a lifetime, although ''lifetime'' was defined differently-a maximum Table 2 Comparative analysis for the UK setting: incremental impact of adapting inputs and assumptions from Pink et al. [17] in the reference model [16] Adaptation to Pink et al.
Incremental Inputs in the RFM were adapted in a stepwise process with the inputs from the Pink et al. model [17] . The cumulative impact after each step is presented Incremental impact of adapting inputs and assumptions from Freeman et al. [13] and Shah and Gage [15] in the reference model [18] ECH extracranial haemorrhage, AMI acute myocardial infarction, CAD$ Canadian dollars, RFM reference model (Canadian perspective, dabigatran 150 mg bid dose) a As the RFM was originally created for the Canadian setting, changing individual cost parameters in steps would mix US and Canadian costs. Instead either all cost inputs of Freeman et al. [13] or those of Shah and
Gage [15] were applied in a single step Inputs in the RFM were adapted in a stepwise process with the inputs from the respective models [13, 15] . The cumulative impact after each step is presented These changes to clinical parameters are cumulative with the cost and utility changes shown in Table 3 b ICH was counted twice (i.e. haemorrhagic stroke was part of the primary efficacy and safety endpoint) c Inputs in the RFM were adapted in a stepwise process with the inputs from the respective models [13, 15] . The cumulative impact after each step is presented of 20 years in Shah and Gage [15] , 35 years in Freeman et al. [13] , up to age 100 in the reference models (roughly 31 years), and until death in Pink et al. [17] . The key clinical events, long-term disability from stroke and intracranial haemorrhage (ICH), and adjustments to risk of stroke and bleedings over the model time horizon are summarized in Table 1 . Key differences between the models and the adaptations made to quantify their effect are summarized in Table 5 .
Risks of Events and Their Consequences
The risk of clinical events and their consequences are key drivers of the cost-effectiveness results. In RE-LY, dabigatran 150 mg bid demonstrated a lower risk of stroke and systemic embolism (SE) than warfarin [8, 9] , and in post hoc analyses dabigatran 150 mg bid followed by dabigatran 110 mg bid (sequential therapy) showed a similar pattern [18] . The incidence of major bleeding was generally similar in patients receiving dabigatran 150 mg bid or warfarin, but the likelihood of ICH was less for both dabigatran doses [8, 9] . As a consequence, inputs and assumptions of higher baseline risks for ICH events or more significant consequences of these events will result in greater benefits for dabigatran.
The risks of experiencing a stroke were generally similar across studies but were stratified differently. In the reference models, ischaemic stroke (IS) and haemorrhagic stroke (HS) were examined separately and IS risk was assigned according to CHADS 2 score. In Pink et al. [17] , the ''stroke'' endpoint estimates used in the model were those of the RE-LY primary composite endpoint (including IS, HS, and SE), and risk was based on CHADS 2 scores. Freeman et al. and Shah and Gage used estimates aggregated across CHADS 2 scores [13, 15] . A composite risk of IS and transient ischaemic attack (TIA) was used in these models and allocated proportionally to IS or TIA. All models explored scenarios with different stroke risks to determine the most cost-effective population to treat.
The approach for adjusting the risk of stroke as patients aged and experienced events differed across the studies. In the reference models, the risk of stroke was dependent on CHADS 2 score, which includes age and stroke history (higher score for age at least 75 years and previous stroke). Freeman et al. [13] assumed that the risks of stroke and TIA increase by a factor of 1.4 per decade of life; the same factor was used for both stroke-free and stroke-experienced patients. Shah and Gage [15] used the same estimate, but differentiated for patients with prior stroke (risk increase of 2.6).
The probabilities of major bleeding events captured the important safety profile of anticoagulants. In the reference models, the probabilities of ICH, HS, and extracranial major bleedings (ECH) were estimated using patient-level data. The other models relied on estimates of major bleedings reported in the RE-LY trial that aggregated ICH and ECH. Pink et al. [17] stratified the risk of major bleedings by CHADS 2 score. Freeman et al. appeared to count ICH twice, as the authors included major bleedings as defined in RE-LY (including ICH) and also considered ICH separately [13] .
The adjustments for risk of bleeding over time also differed. In the reference models, the risk of ECH in patients under 70 years of age was half that of those over 70. For ICH in the reference models, the relative risk adjustment for patients over 80 years of age was 1.8 when a single dabigatran dose was evaluated. For the sequential dabigatran dosing analysis, both ICH and ECH risk changed at age 80. In Pink et al., the risk of non-HS bleedings remained constant over time, but was updated indirectly with age, as the risk of bleeding was assigned by CHADS 2 score, which considers age [17] . Freeman et al. [13] assumed that the risk of ICH increased by 1.97-fold per decade of life, whereas Shah and Gage [15] assumed no change in risk of bleeding over the 20-year model time horizon.
Stroke and ICH can result in long-term functional disability. In all models, quality of life (in the form of utilities) was adjusted on the basis of the severity of these clinical events. In the reference models, the consequences of stroke were categorized by the modified Rankin scale (mRS) and tracked as fatal, independent (mRS 0-2), moderately dependent (mRS 3-4), and totally dependent (mRS 5). This stratification was informed by a model-specific analysis of mRS scores recorded in the RE-LY study 3-6 months poststroke. The same disability categories were used to classify ICH on the basis of 3-month Glasgow Outcomes Scale (GOS) data from an observational study [24] . Both the Freeman et al. [13] and Shah and Gage [15] models classified the consequences of non-fatal strokes into three categories: no residual deficit, mild neurological residual deficit (results in neurologic deficit but no limitation in performing activities of daily living), and moderate to severe neurological residual deficit (results in loss of independence for at least one activity of daily living). In the Shah and Gage model [15] , the severity of non-fatal ICH was not tracked. In Freeman et al. [13] , ICH were classified into four categories: fatal, ICH with moderate to severe neurologic sequelae, ICH with mild neurologic sequelae, and ICH with no residual neurologic deficit. In Pink et al. [17] , the proportion of non-fatal strokes that were non-disabling [defined as mRS 0-2 (45 %)] or disabling (mRS 3-5) came from the RE-LY study [9] and stroke deaths reported in the FDA document [23] . Pink et al. [17] did not report any explicit consequences of ICH on mortality.
Background mortality due to causes other than modelled clinical events was obtained from the general population in the reference models and Pink et al. [16] [17] [18] . In Freeman et al., the general population mortality was adjusted for non-valvular AF status and stroke history; however, death due to vascular events modelled such as stroke was not reported to be excluded from the general population mortality [13] . Shah and Gage assumed the background mortality rates differed by treatment groups (4.0 % for warfarin, and 3.9 % for dabigatran both doses) and increased as the population aged [15] .
Treatment Status
In all models, changes in treatment status were based on clinical events: major bleeding (all models), stroke [15] , and non-adherence (reference models [15, 17] ).
In the reference models, patients who experienced an ICH or HS permanently discontinued treatment; those who experienced an ECH continued the same treatment, temporarily stopped treatment, or discontinued any treatment permanently. Pink et al. [17] , Shah and Gage [15] , and Freeman et al. [13] assumed that patients who discontinued dabigatran or warfarin because of bleeding switched to aspirin. In Shah and Gage [15] , patients who experienced both a stroke and a bleeding event were returned to their initial therapy.
The reference models and Freeman et al. did not consider switches for patient following an IS. In Shah and Gage [15] , following an IS, all patients were given dabigatran 150 mg bid, regardless of initial therapy. In Pink et al. [17] , patients discontinuing dabigatran for nonbleeding reasons, which may have included IS, switched to warfarin, whereas patients discontinuing warfarin switched to aspirin.
The reference models considered discontinuation due to non-adherence and assumed a majority of patients would switch to aspirin. Pink et al. [17] considered discontinuation from non-bleeding reasons, which included nonadherence, as described above.
The proportion of patients discontinuing for non-event reasons differed among the models. In the reference models, Weibull functions were developed to project the probability of discontinuation for warfarin and dabigatran for up to 6 years. Pink et al. [17] used the 1-and 2-year discontinuation rates observed in RE-LY; thereafter, the discontinuation rate was assumed to be constant at the 2-year rate. In Shah and Gage [15] , discontinuation for non-bleeding reasons affected drug costs, but not event rates; patients were assumed to continue receiving the treatment benefit after discontinuation for non-bleeding reasons.
International Normalized Ratio Control
INR control affects the number of events experienced by warfarin patients. If INR is too low, patients are more likely to experience ischaemic events, and if too high, patients are more likely to experience bleeding events. All models assumed that INR control reflected that of RE-LY (INR between 2.0 and 3.0 for an average of 64 % of the time) in their base case analyses. All models except Freeman et al. [13] assessed the impact of alternative INR control scenarios on model results in sensitivity analysis. The reference models modified event risks in patients above or below the therapeutic INR range based on a study by Walker et al. [25] , which reported the pattern of anticoagulant use and incidences of stroke, ICH, and SE in 116,969 AF patients. Shah and Gage [15] and Pink et al. [17] utilized a secondary analysis of the RE-LY data [26] that evaluated the efficacy and safety of dabigatran versus warfarin based on quartiles of INR control.
Costs
The cost per day of dabigatran is presented in Table 1 . Warfarin was relatively inexpensive in all models, but the annual costs for monitoring INR levels varied, with a higher cost being more favourable to dabigatran's costeffectiveness. The annual INR monitoring costs in Kansal et al. [16] [UK£414, based on an analysis undertaken by the National Institute for Health and Clinical Excellence (NICE)] [5] are more than twice that of Pink et al. [17] (UK£198, based on a micro-costing study). In the US setting, the cost for annual monitoring varied even more; the cost used by Shah and Gage was US$364, whereas the cost used by Freeman et al. was US$84 [13, 15] .
Costs for acute management of events were applied at the time an event occurred. In the reference models, Freeman et al. and Shah and Gage, a follow-up cost was applied to each model cycle on the basis of the patient disability levels (reference models) or severity of the event defining the given health state [13, 15] . In Pink et al. [17] , long-term costs were applied only to stroke (including SE) and MI, but not to bleeding events (such as ICH); major bleeding events, including both ICH and ECH, incurred an acute event cost similar to the ECH cost in Kansal et al. [16] (UK£1,685 in Pink et al. for ICH and ECH versus UK£1,594 for ECH in Kansal et al.) . In contrast, the ICH events in Kansal et al. [16] incurred costs equivalent to those of HS and IS, reflecting the clinical severity of such events (ICH and HS costs ranging from UK£3,401 for independent disability to UK£24,234 for totally dependent disability).
Utilities
Models assigned a baseline utility to the event-free state and disutilities for events experienced. In the reference models, the utility value of the ''healthy'' (''independent'' disability health state), the health state in which patients spend the greatest proportion of their time, was 0.81; the corresponding baseline value was 0.774 in Pink et al. [17] . Both Freeman et al. [13] and Shah and Gage [15] applied utilities that differed according to treatment: 0.987 for healthy on warfarin and 0.994 for healthy on dabigatran. Similarly, Pink et al. [17] applied a disutility of 0.013 for patients on warfarin and a disutility of 0.002 for patients on dabigatran. The reference models did not apply a different utility according to treatment.
Post-event utility was stratified by disability level in the reference models, ranging from 0.65 (0.16 less than the ''healthy'' health state) to 0.30 (0.51 less than the ''healthy'' health state). In Pink et al. [17] , the post-event disutility was defined by events, ranging from 0.0409 for MI to 0.233 for IS. It is important to note that ICH, which can result in more disability than stroke [27] , was assigned a permanent disutility of only 0.0524 versus a permanent disutility of 0.233 for stroke. Pink et al. [17] also assigned a permanent impact on utility due to MI, in contrast to the other models, which assigned permanent impacts only to stroke and ICH. In the Freeman et al. model, the post stroke and ICH utilities were stratified as mild residual neurologic sequelae (0.75) or moderate to severe residual neurologic sequelae (0.39). Permanent utility was assigned to MI at 0.84 [13] . In the Shah and Gage [15] model, post stroke and ICH utilities were stratified as mild residua, moderate to severe residua, and recurrent (range 0.12-0.75). Temporary utilities were assigned to major bleeding other than ICH, minor bleeding, and MI.
Results: Comparative Analysis
UK Setting
The initial comparison of the two models in the UK setting for the recommended dosing regimen of dabigatran resulted in incremental QALYs (dabigatran versus warfarin) of 0.146 in Pink et al. [17] , and 0.242 in the reference model (Kansal et al. [16] ), with a cost difference of UK£3,370 in Pink et al., and UK£1,171 in the reference model. Table 2 presents the cumulative impact of changing each cost and utility parameter in the reference model to reflect the values used in Pink et al. [17] . The reference model with population, cost, and utility inputs from Pink et al. [17] produced an incremental cost of UK£4,159 and incremental QALYs of 0.163 between the treatment arms. The resulting ICER, UK£25,518, was within 10 % of the value reported by Pink et al. (UK£23,082), without changing any other clinical parameters [17] . The key reasons for differences between the two models were assumptions regarding long-term costs following intracranial events, costs of warfarin monitoring, and utility for ICH. Applying the long-term cost assumptions from Pink et al. [17] to the reference model increased the incremental cost from UK£2,735 in the previous step to UK£4,159 and brought the ICER to UK£20,047. The second most influential cost input to the ICER was the warfarin monitoring cost. Applying the monitoring cost from Pink et al. [17] to the reference model led to a doubling of the incremental cost of dabigatran from the previous step (UK£1,269 to UK£2,735) and increased the ICER from UK£6,118 to UK£13,181. Finally, Pink et al. [17] assigned a comparatively low permanent disutility to ICH. Changing the disutilities of IS and ICH in the reference model gave a 28 % increase in the ICERs from UK£19,936 to UK£25,518.
Inputs that did not explain differences between the models were the acute event costs and disutilities assigned to IS and SE, TIA, and major bleeding, as well as drug costs.
US Setting
When the cost inputs and patient characteristics from Freeman et al. were placed into the reference model for adaptation to the US setting, the estimated incremental cost of dabigatran versus warfarin was 70 % higher than the Freeman et al. results (reference model US$11,815 versus Freeman et al. US$6,880) (Tables 3, 4) [13] . Among the utility input changes, the greatest impacts were from the utilities characterizing post-event disability levels and utilities specific to treatments. These cumulative changes brought the incremental QALYs to 0.47 versus the incremental difference of 0.56 QALYs in Freeman et al. The population, cost, and utility adjustments resulted in an ICER about two times higher than reported in Freeman et al. [13] Tables 3, 4 ).
An additional parameter that affected the findings to a large extent was the increased ICH risk with age. Applying the Freeman et al. [13] assumption in the reference model increased the incremental QALYs between dabigatran and warfarin, whereas the incremental costs remained largely unchanged. This assumption decreased the ICER estimated by the reference model to US$19,359. Lastly, modifying the treatment discontinuation rates according to Freeman et al. [13] again affected mainly the QALY results rather than cost results. With all the adjustments, the reference model resulted in an ICER within 22 % of the Freeman et al. [13] ICER (US$15,115 versus US$12,386).
Following a similar approach with the Shah and Gage model (i.e. adapting the reference model to the US setting by using the Shah and Gage patient characteristics and costs) resulted in an ICER of US$57,607 per QALY in the reference model versus the reported ICER of US$86,000 per QALY in Shah and Gage (Tables 3, 4) [15] . Updating the utility values in the reference model resulted in ICERs being further apart rather than closer together. The incremental QALYs after this step were 0.32 in the reference model versus 0.25 in Shah and Gage [15] . Applying the Shah and Gage mortality assumptions to the reference model aligned the incremental QALYs between the models [15] . Other revisions to clinical inputs made very small changes to these QALY results. With all adjustments, the reference model resulted in QALY estimates close to the Shah and Gage results, with incremental QALYs of 0.24 and 0.25, respectively [15] .
After adjusting costs in the reference model, incorporating the assumptions of Shah and Gage [15] regarding the projections of stroke and ICH risks over time, the resulting disability outcomes and the annual risk of AMI, only minimally changed the calculated incremental costs between dabigatran and warfarin. Assuming that warfarin patients received dabigatran following IS slightly decreased the difference in total costs between the two treatment arms. With all adjustments in the reference model, the incremental costs between dabigatran and warfarin remained below US$10,000, less than half that in the Shah and Gage publication (reference model US$9,408; Shah and Gage US$20,700) [15] . Correspondingly, the final ICER is more than 50 % lower than that reported by Shah and Gage (reference model US$39,534; Shah and Gage US$86,000) [15] . It was not possible to determine the reason(s) for the difference in incremental cost as all differences identified in the published model were applied to the reference model. In particular, the total incremental cost of the dabigatran population (including drug, monitoring, and acute and long-term costs following events) reported by Shah and Gage [15] exceeded the incremental cost of drug and monitoring alone in the adapted reference model (US$20,700 versus US$15,176, respectively) and all other cost differences (most acute and long-term costs following events) favoured dabigatran. In an effort to determine the source of the discrepant results, we performed simplified algebraic checks of the incremental drug and monitoring costs over a patient's remaining lifetime (9.1 years based on the mean discounted survival from the reference model). For example, an incremental cost of US$2,690/year for dabigatran versus warfarin (i.e. its drug cost and associated monitoring) and conservatively assuming that 20 % of patients discontinue treatment over the first 2 years, as reported by Shah and Gage [15] , but the remaining 80 % of patients remain adherent for the rest of their lives, implies a maximum incremental drug and monitoring cost of US$20,120, with any additional discontinuations or reduction in clinical events with dabigatran reducing this value. This means that the total incremental cost of the dabigatran arm in the adapted reference model will always be less than US$20,120 and thus cannot match the higher value found by Shah and Gage [15] .
Discussion
Given the publication of a number of studies examining the cost-effectiveness of dabigatran versus warfarin for stroke prevention in patients with AF, it was possible to conduct a quantitative comparison of the economic models using a reference model approach. The model previously published by us [16, 18] served as the reference for comparisons of studies in the US and UK settings. The reference model was adapted using the inputs and key assumptions from each of the other published studies to determine if results could be reproduced, providing a more accurate and precise understanding of the impact of specific model assumptions than could be achieved with a qualitative review and descriptive comparison of published models. This enables a better interpretation of published findings by focusing attention on the assumptions underlying the key model features accounting for differences among model results.
Recently, several qualitative reviews of cost-effectiveness studies of dabigatran have been published [28] [29] [30] . Reddy et al. [29] presented a review of the clinical and economic evidence for dabigatran in patient with AF and for the prevention of venous thromboembolism. Of the models considered in the present study, only Freeman et al. [13] was mentioned in the review by Reddy et al. [29] . The review conducted by Solomon and colleagues included study results from Freeman et al. [13] , Shah and Gage [15] , Sorensen et al. [18] , Pink et al. [17] , and the UK ERGreviewed model (based on Kansal et al. [16] ) [5] , with a broad goal of providing guidance to policy makers and clinicians when making decisions about the optimal stroke prophylaxis strategy in atrial fibrillation patients [30] . The authors acknowledged the challenges regarding the qualityof-life data and the uncertainty of long-term care costs, consistent with the important effect of these parameters in this review. McKeage et al. [28] also presented a detailed summary of the findings of eight models [5, [13] [14] [15] [16] [17] [18] [19] . The author cited some limitations of the studies including the applicability of RE-LY data to various populations. These previously published reviews, however, do not critically appraise the models or explain reasons for differences in the ICER results. Our study sought to quantify the impact of specific differences between the studies on the ICER results. Not all features of the comparison models could be implemented in the reference model, however, such as the assumption of long-term consequences of MI in Pink et al., and the specialized handling of those patients experiencing both IS and ICH events in Shah and Gage [15, 17] . These unaccounted differences (tabulated in Table 5 ) are limitations of this analysis. As discussed below, however, in general the adaptation process was able to closely replicate most of the cost and QALY results of the comparison models.
Our study found that the differences in reported costeffectiveness results across the models examined can, in general, be explained on the basis of assumptions and parameter values reported in the studies. In the UK setting, the differences in model results could be largely explained by cost and utility model inputs ( Table 2 ). The assumed cost and quality of life following ICH events and warfarin monitoring costs accounted for nearly all of the difference in reported results between the reference model (Kansal et al. [16] ) and Pink et al. model [17] . Modelling of ICH differed notably in Pink et al. [17] from the other published models. In particular, the other models, including the reference model, assigned acute and permanent cost and quality-of-life detriments to ICH that were similar to, or greater than, those assigned to IS. In contrast, in Pink et al. [17] , the acute utility impact from an ICH was valued at 0.0524, less than one-quarter of the corresponding value for stroke (0.233), and cost of ICH events was not assigned separately but aggregated with ECH, yielding a relatively low cost. Additionally, there were no long-term costs post-ICH in the Pink et al. model, despite the clinical severity and long-term disability associated with these events [17] . Given the significant reduction in the rate of ICH with dabigatran relative to warfarin, the Pink et al. [17] approach to ICH underestimates dabigatran's cost-effectiveness relative to the assumption made in the other models reviewed.
In the US setting, there were important differences between the models that went beyond unit cost and utility values. The most important variables distinguishing results in Freeman et al. from those of the reference model were the adjustments to the risk of ICH and IS as the modelled cohorts aged [13] . Although Freeman et al. assumed a continuous increase in the risk of IS and ICH with age, the magnitude of this increase over a 35-year time horizon may be difficult to justify [13] . In addition, Freeman and colleagues appear to count the risk of ICH twice (as a separate event and as part of major bleeding) [13] . Given the reduction in IS and ICH rates for dabigatran, the increases in baseline event risks tend to favour dabigatran in the costeffectiveness, as does the fact that discontinuation due to non-adherence was not included in the model. There was also a notable difference in the baseline utility of patients in the models, which can substantially alter the predicted value of preventing a stroke.
Although the reference model could reasonably replicate final ICER results for the other models, it could not replicate the results of Shah and Gage [15] in the US setting. QALY results could be replicated quite closely, with the most important adaptations being the use of the utility values and mortality assumptions from Shah and Gage [15] . The cost results, however, could not be replicated, as the total incremental cost of dabigatran published by Shah and Gage exceeded the incremental cost of drug and monitoring in the adapted reference model and all other cost differences favoured dabigatran [15] . The final incremental cost, and thus the final ICER, in the reference model is therefore less than half that reported by Shah and Gage [15] . The only identified published model characteristics not replicated in the adapted reference model were the treatment choice and costs of patients who experience both IS and ICH, but these are expected to be small contributors as very few patients experience both events and their survival should be relative short.
Conclusions
Overall, this comparison found that the differences for the cost-effectiveness of dabigatran versus warfarin among published models could be reasonably well explained by differences in reported parameters and assumptions. Important differences found were those related to the patients' risk of having intracranial events, treatment discontinuation, and mortality rates. In addition, incremental costs were highly sensitive to differences in long-term cost of disability and warfarin monitoring. Similarly, differences in the utility values following events with long-term disability affected incremental QALYs.
As additional new oral anticoagulants become available, it will be important to assess how they compare to one another [31, 32] and how robust those analyses are across studies. This study highlighted a few key assumptions that impact the overall cost-effectiveness estimates of dabigatran versus warfarin. As noted above, the costs of follow-up care and health-related quality of life of patients who experience an ICH event have a strong impact on overall findings. A study to quantify these post-event consequences even more accurately may be warranted. As anticoagulation treatment is expected to be given for the remainder of AF patients' lives, improved understanding of the clinical risk in AF patients of IS and ICH over time may also allow better interpretation of cost-effectiveness analyses.
Despite the differences in modelling methods, assumptions, and parameter values, however, all of the modelling studies reviewed reached generally similar conclusions about the cost-effectiveness of dabigatran in their local settings. This is consistent with the final assessments by governmental health technology assessment bodies, including NICE and the Canadian Agency for Drugs and Technology in Health [5, 10] .
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